containing vitamin C (39.17 µg/g dry rose hip), flavonoids (0.11 µg/g dry rose hip), and phenolic acids (0.50 µg/g dry rose hip) towards hydroxyl and superoxide anion radicals were evaluated using electron spin resonance spectroscopy. The presence of antioxidant derived free radical intermediates during reactions with superoxide anion radical was also observed. Very potent free radical scavenging activities of rose hip extract fractions, as well as good correlations with compositional data were revealed.
INTRODUCTION
A great number of diseases and pathophysiological conditions are associated with oxidative stress and some of these diseases are being treated by manipulation of antioxidant levels or by the use of drugs with antioxidant activity. Humans utilize a wide range of antioxidants that are either synthesized de novo or obtained from the diet; many of them are the classical vitamins. The oxidation of foods resulting from their handling, processing, and cooking is a major problem and can lead to nutrient loss, rancidity, spoilage, and the production of potentially toxic compounds. [1] Although refrigeration, sanitary processing, and improved packaging help retard food oxidation, these are often not enough. A variety of antioxidant additives are introduced during processing or to the finished products to reduce oxidative damage, thereby extending shelf-life. Although synthetic antioxidants, such as butylated hydroxyanisole and butylated hydroxytoluene, are "generally recognized as safe" by the Food Drug and Administration, they have been indicated as toxic at high levels. [2] These assumptions have led to multiple investigations in the field of natural antioxidants. A wide variety of phytochemicals are being proposed as antioxidants. Of these, the phenolic compounds, such as simple phenolic acids and flavonoids, are receiving the most phenolic antioxidants and to remove the organic acids, residual sugars, amino acids, proteins, and other hydrophilic compounds, as well as to exchange solvents, a cleanup of the rose hip extract by SPE was performed according to Rigo et al. [6] with Chromabond C-18 (1000 mg; J.T. Baker, Deventer, Holland). The dry rose hip extract was redissolved in 5 ml of 0.5 M H 2 SO 4 , filtered through 0.45 µm (pore size) membrane filters (Millipore, Bedford, MA, USA), and loaded on the Chromabond C-18 preconditioned with 2 ml of methanol followed by 5 ml of 5 mM H 2 SO 4 . The polar substances, including vitamin C, were removed with 2 ml of 5 mM H 2 SO 4 and this fraction was marked as Fr1. The phenolic compounds were eluted with 2 ml of methanol followed by 5 ml of distilled water and this solution was considered as purified rose hip extract. Spectrophotometrical determiantion of total phenols, flavonoids, and anthocyanins was conducted with purified rose hip extract. Further, extraction and fractionation of neutral and acidic phenolics was conducted according to Chen, Zuo, and Deng. [7] The purified rose hip extract was adjusted to pH 7.0 with 2.0 M NaOH solution and loaded onto the Chromabond C-18 preconditioned for neutral phenolics with 8 ml of methanol followed by 4 ml of distilled-deionized water adjusted to pH 7.0. The column was washed with 10 ml of distilled-deionized water and eluted with 12 ml of methanol. Fraction eluted in this step contains neutral phenols and is used further as Fr2. The effluent portion was adjusted to pH 2.0 with 2.0 M HCl, passed through the preconditioned acidic column. For isolation of acidic phenolics, cartridge was preconditioned by passing 8 ml of methanol and 4 ml of 0.01 M HCl. Then the column was washed with 5 ml of 0.01 M HCl and the adsorbed fraction was eluted with 12 ml of methanol. This fraction contains acidic phenols and is labeled as Fr3. The obtained fractions of rose hip extract, Fr1, Fr2, and Fr3, were evaporated using a rotary evaporator until dryness at 35 • C under reduced pressure.
Spectrophotometrical Analyses
Total phenol concentration in purified rose hip extract. Total phenol concentration in purified rose hip extract was determined spectrophotometrically according to the Folin-Ciocalteu method, callibrating against chlorogenic acid standard and expressing the results as mg chlorogenic acid per g dry weight. [8] Total flavonoids in purified rose hip extract. Total flavonoids (expressed as mg rutin per g dry weight) were estimated spectrophotometrically according to Markham. [9] Total and monomeric anthocyanins in purified rose hip extract. The total and monomeric anthocyanins content in extract were estimated spectrophotometrically using the pH single and pH differential method. Anthocyanins were quantified as cyanidin-3-glucoside using an extinction coefficient of 26,900, in l × mol −1 × cm −1 , and resulting values were expressed in terms of mg anthocyanins per g dry weight. [10] 
HPLC Analysis of Rose Hip Extract Fractions
All analyte solutions and solvents were filtered prior to analysis through 0.45 µm (pore size) membrane filters (Millipore, Bedford, MA, USA). Quantification of total phenolics in Fr2 and Fr3 was done by HPLC analysis by a Waters Breeze chromatographic system (Waters, Milford, MA, USA), which consisted of 1525 binary pumps, thermostat, and 717+ autosampler connected to the Waters 2996 diode array detector (Waters, Milford, MA, USA). Chromatograms were recorded in 3D mode using different wavelengths, 326 nm and 310 nm for phenolic acids, and 367 nm for flavonoids. Quantification of total phenolic compounds in rose hip fractions Fr2 and Fr3 was performed using quercetin and p-coumaric acid as secondary standards for flavonoids and phenolic acids, respectively. Separation was performed on a Symmetry C-18 RP column 125 × 4 mm with 5 µm particle size (Waters, Milford, MA, USA) with an appropriate guard column. Two mobile phases, A (0.1% phosphoric acid) and B (acetonitrile) were used at flow rates of 1 ml/min with the following gradient profile: the first 20 min from 10 to 22% B; next 20 min of linear rise up to 40% B, and for the last 10 min 55% of B, followed by 10 min reverse to initial 10% B with additional 5 min of equilibration time. The data acquisitions were carried out by the Waters Empower 2 Software (Waters, Milford, MA, USA). HPLC analysis of vitamin C content in Fr1 was performed on an Agilent 1100 liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA), equipped with an ultraviolet diode array detector (UV-DAD). For separation, a C-18 column with a 5 µm particle size was used at a flow rate of 0.4 ml/min and a temperature of 37 • C. Reference substance (vitamin C) and samples were dissolved/extracted in solution of meta-phosphoric acid (3% w/w) in 8% acetic acid. Ammoniumacetate (0.1 mol/l, pH 5.1) was used as a mobile phase. The injected volume was 20 µl and the total running time was 6 min.
ESR Measurements
Superoxide anion radical scavenging activity of rose hip extract fractions. A solution containing superoxide anion radicals was prepared by dissolving KO 2 /crown ether (10 mM/20 mM) in dry dimethylsulfoxide (DMSO). Five microliters of this solution were added to 0.5 ml of dry DMSO and 0.005 ml of an DMSO spin trap solution (DMPO, 5,5-dimethyl-1-pyrroline-N-oxide, 2 M). The influence of extracts on the formation of DMPO/O 2 •− adducts was studied by adding the N,N-dimethylformamide (DMF) solutions of rose hip extract fractions to the superoxide anion radical reaction system at a final concentration range of 0.001-1 mg/ml. Then the solution was transferred to a quartz flat cell ER-160FT and 2 min after mixing the ESR spectra were recorded on an EMX spectrometer from Bruker (Rheinstetten, Germany) using a TE 102 cavity. The following instrument settings were used: field modulation 100 kHz, modulation amplitude 4.00 G, receiver gain 1 × 10 4 , time constant 327.68 ms, conversion time 40.96 ms, center field 3440.00 G, sweep width 100.00 G, x-band frequency 9.64 GHz, power 20 mW, temperature 23 • C. The extent of scavenging by antioxidant fractions was expressed as scavenging activity (SA) values. The SAo 2
•− value of the rose hip extract fraction was defined as:
where h 0 and h x are the height of the second peak in the ESR spectrum of DMPO/O 2
•−
spin adduct of the sample without and with antioxidant fractions, respectively. Hydroxyl radical scavenging activity of rose hip extract fractions. Hydroxyl radicals were obtained by the Fenton reaction and detected by the spin trapping method in a system consisting of: 0.2 ml H 2 O 2 (2 mM), 0.2 ml FeCl 2 (0.3 mM), 0.2 ml of DMF, and 0.2 ml DMPO (112 mM) as spin trap (control sample). The influence of rose hip extract fractions on the amounts of hydroxyl radicals trapped by DMPO was studied by adding the DMF solutions of the fractions to the reaction system in the concentration range of 0.01-1.5 mg/ml. ESR spectra were recorded 2.5 min after mixing on an ESR spectrometer Bruker 300E (Rheinstetten, Germany), with the following spectrometer settings: field modulation, 100 kHz; modulation amplitude, 0.512 G; receiver gain, 1 × 10 4 ; time constant, 81.92 ms; conversion time, 163.84 ms; center field, 3440.00 G; sweep width, 100.00 G; x-band frequency, 9.64 GHz; power, 20 mW; temperature, 23 • C. The SA • OH value of the rose hip extract fraction was defined as:
where h 0 and h x are the height of the second peak in the ESR spectrum of DMPO/ • OH spin adduct of the samples without and with antioxidant, respectively. Detection of antioxidant-derived radicals. The antioxidant-derived radicals were determined in the reaction system containing 0.5 ml of DMSO solution of KO 2 /crown ether (10 mM/20 mM) and 0.5 ml of DMF solution of rose hip extract fraction (5 mg/ml). The solutions were aspirated from autosampler vial into the quartz flat cell, which was located in the TE 102 -resonator of the EMX spectrometer (Bruker, Rheinstetten, Germany). The mixing of both solutions was performed in the lower part of the cell prior to reaching the active zone of the flat cell. ESR measurements were started 20 s after mixing.
The following instrument settings were used: microwave frequency, 9.73 GHz; modulation frequency, 100 kHz; microwave power, 20 mW; center field, 3491.1 G; sweep, 25 G; modulation amplitude, 0.48 G; receiver gain, 8 × 10 5 ; scan rate, 35.77 G/min; time constant, 0.163 s; scans 5. ESR spectral files were imported into the WINSIM program [11] for the analysis of the hyperfine splitting constants.
Statistical Analyses
All analyses were run in triplicate and were expressed as means ± standard deviation (SD). Statistical analyses were done by using Statistica 8.0 software package (StatSoft Inc., Tulsa, OK, USA, 1984-2007). Significant differences were calculated by ANOVA test followed by the least significant difference (LSD) test (p < 0.05).
RESULTS AND DISCUSSION

Spectophotometrical Determination of Typical Phenolic Compounds in Rose Hip Extract
According to the results of the spectrophotometrical analyses of phenolic compounds in purified rose hip extract given in Table 1 , nearly half (42.9%) of all phenolic compounds present in rose hip extract are flavonoids. Also, anthocyanins were identified, accounting for over 20% of flavonoids and less than 10% of total phenols in rose hip extract. Measurement of the total phenolic content by the Folin-Ciocalteu method may be interfered by other chemical components present in the extract giving the false overestimated result. The Folin-Ciocalteu assay is affected by several interfering substances, such as sugars, aromatic amines, sulfur dioxide, ascorbic acid, organic acids, and Fe(II), as well as nonphenolic organic substances that react with Folin-Ciocalteu reagent. [8] In order to eliminate these interferences purification of rose hip extract, as well as removal of polar substances, including vitamin C, was conducted by SPE. Ercisli [4] assayed fruits of some Rosaceae species and determined 96 mg gallic acid equivalents/g dry weight of total phenolics in Rosa canina. He concluded that these values are much higher than those reported in other vitamin C-rich small fruits like black currant (3-4 mg/g), blueberry (2.70-3.50 mg/g), strawberry (1.6-2.9 mg/g), and raspberry (2.7-3.0 mg/g). Other authors reported that the total phenolic contents of rose species were found to range from 55 to 122 mg/g. [12, 13] It is reported that plant genotype, cultivation site, and technique, as well as differences in fruit ripeness, affect total phenolic content in fruit. [14] Also, environmental factors (e.g., light, temperature, soil nutrients) may influence phenylpropanoid metabolism and polyphenol concentrations in plants. [5] Differences in extraction methods have also large influences on results, particularly taking into account the purification step in this study.
Superoxide Anion Radical Scavenging Activity of Rose Hip Extract Fractions
Oxidative stress may arise in the human body as a result of the formation of active intermediates of radical nature during oxygen reduction. The first activation product of an oxygen molecule is superoxide radical anion (O 2
•− ). This radical is considered to be the forefather of all in vivo reactive oxygen species. [15] In this study, the superoxide adduct of 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) was detected by ESR spectroscopy using KO 2 solubilized in crown ether as a source of superoxide, with hyperfine splitting constants a N = 12.65 G, a Hβ = 10.4 G, and a Hγ = 1.3 G. Superoxide anion radical scavenging activities of rose hip extract fractions are presented in Fig. 1 . Fractions Fr2 and Fr3 showed similar (p < 0.05) strong superoxide anion radical scavenging activity. Comparing their activity at lower concentrations (0.001 and 0.01 mg/ml), Fr3 is a better superoxide anion radical scavenger than Fr2, but the trend of activity for the higher concentrations is in inverse order. Both fractions reach the maximum activity, 100%, at the same concentration, 0.5 mg/ml. The least reactive fraction of rose hip extract in the superoxide anion radical generating system was Fr1, containing vitamin C. The descending order of scavenging activity on superoxide anion radicals of rose hip extract fractions was: Fr2 ≈ Fr3 > Fr1. It has been reported that the rate constant for reaction of superoxide with ascorbate is smaller than that of glutathione, some polyphenols, and quinones ( Table 2 ). This fact could explain the order of reactivity in superoxide anion radical assay, where Fr1 exhibited the weakest SAo 2
•− . 2.7-6.5 × 10 5 Niki (1991) [16] Halliwell and Gutteridge (1999) [17] • OH 1.1 × 10 10 Buettner and Jurkiewicz (1996) [18] Benzoquinone (and other quinines) O 2
•− 1 × 10 9 Halliwell and Gutteridge (1999) [17] Catechol (and other diphenols) O 2
•− 1 × 10 9 Halliwell and Gutteridge (1999) [17] Glutathione O 2 •− 7.7 × 10 5 Halliwell and Gutteridge (1999) [ [21] The potency of a molecule as an antioxidant is determined by many factors, including the chemical reactivity toward radicals. When antioxidant scavenges radical, the antioxidant-derived radical is formed and the fate of this radical is also one of the important factors which determine antioxidant potency. The rate constant of the decay of secondary reaction products, antioxidant-derived radicals, indicate their stability, and, therefore, their antioxidant efficiency. [22] A number of phenols and phenolic antioxidants, such as vitamin E, interact with superoxide at widely varying rates to produce an intermediate shown by ESR studies. Superoxide reactions with phenols appear to be inversely correlated with their one-electron redox potentials. The assumption, supported by considerable evidence, is that the first intermediate in the reaction is the phenoxyl radical. The superoxide radical also reacts further with phenoxyl radicals by addition. [20] Flavonoids have been shown to react with superoxide by many researchers. [23] The fastest reactions occurred with those flavonoids having the most extensive B-ring hydroxylation. The reactions were oxidations of the flavonoids, as confirmed by the detection of H 2 O 2 (the reduction product of superoxide) from the reaction mixture. [20] The scavenging properties of antioxidant compounds are often associated with their ability to form stable radicals. It is well-known that aromatic compounds containing hydroxyl groups, especially those having ortho di-or trihydroxy-function, can give rise to radicals stable enough to be directly detected by ESR spectroscopy. [24] An ESR signal assignable to a flavonoid semiquinone radical was found in the superoxide generating system in the presence of Fr2 and without adding the spin trap (Fig. 2) . After simulation of the obtained ESR spectrum (Fig. 2 ) and comparing the obtained hyperfine constants (a H 2' = 1.7 G; a H 5' = 0.8 G; and a H 6' = 2.8 G) with the reports of Canadanovic-Brunet et al. [25] (a H 2' = 1.5 G; a H 5' = 0.7 G; and a H 6' = 2.7 G), it was determined that the observed radical was quercetin semiquinone radical. This may lead to the assumption that quercetin is the dominating flavonoid in Fr2. Jovanovic et al. [23] reported that quercetin is oxidized by superoxide to semiquinone radical. Seyoum et al. [26] proposed a mechanism of antioxidant reaction of flavonoids, via hydrogen donation, leading to formation of a flavonoid radical and termination of flavonoid radicals by further loss of a hydrogen atom, via disproportionation or other subsequent reactions. Further loss of a hydrogen atom is an alternative and maybe the predominant termination mechanism in which the radical is turned to quinone. Also, these authors suggest that conjugation between rings A and B permits stability through a resonance effect. The reaction of superoxide anion radical with Fr3 without presence of a spin trap did not result in an ESR visible product, probably due to the low stability of the radicals of phenolic acids. This could be caused by the lack of stabilization by resonance due to the smaller conjugation system comparing to the flavonoid molecule. On the other hand, the free-radical product obtained by oxidation of Fr1 with superoxide anion radicals was characterized by ESR spectroscopy as a simple doublet showing coupling constants of a H = 1.84 G (Fig. 3) . According to literature data [27] and due to the high content of vitamin C confirmed by HPLC (Table 3) , this spectrum can be assigned to the ascorbyl radical. It has been reported that the reaction of ascorbic acid with more aggressive radicals results in the production of an intermediate radical, ascorbyl, of low reactivity. The lower activity comes from the ability of ascorbate to delocalize the radical electron through its π -system. The unpaired electron of ascorbyl radical resides in the π -system that includes the tri-carbonyl moiety of ascorbate. This results in a weakly oxidizing and weakly reducing radical. Thermodynamically, it is relatively unreactive with a one-electron reduction potential of only +282 mV. It is considered to be a terminal, small molecule antioxidant. [18] Scarpa et al. [28] proposed the mechanism of reaction of ascorbate (AH) with superoxide anion radical which leads to the formation of ascorbyl radical (AH •− ): This is consistent with our findings based on the ESR study of formation of radical intermediates during oxidation of rose hip extract fraction Fr1 with superoxide anion radicals.
Hydroxyl Radical Scavenging Activity of Rose Hip Extract Fractions
The hydroxyl radicals were generated in a Fenton reaction and monitored using ESR spectroscopy and spin trapping method. Hydroxyl radicals have two principal modes of reactions with organic compounds, hydrogen atom (or electron) abstraction, and (somewhat faster) addition to double bonds. [20] This assay provides information not only on the ability of a scavenger to react with hydroxyl radicals, but also on its ability to form complexes with iron ions thereby influencing its redox behaviour in the Fenton reaction.
The reaction of Fe 2+ and H 2 O 2 in the presence of the spin trapping agent DMPO generated a 1:2:2:1 quartet of lines in the ESR spectrum with the hyperfine coupling parameters (a N and a H = 14.9 G). Figure 4 presents hydroxyl radical scavenging activity of rose hip extract fractions. Fr1 was the most powerful antioxidant fraction in scavenging hydroxyl radicals expressing antioxidant activity already at a concentration of 0.05 mg/ml. Fr1 scavenged 100% of hydroxyl radicals applied at the concentration of 0.2 mg/ml. Fr2 and Fr3 reached the same effect (SA • OH = 100%) at the concentrations of 1.5 mg/ml and 1.0 mg/ml, respectively. Radical scavenging activity of rose hip extract fractions in hydroxyl radical assay in decreasing order was: Fr1 > Fr3 > Fr2.
The hydroxyl radical is a potent oxidizing agent with very high rate constants (ca. 10 9 -10 10 M −1 s −1 ) for H-abstraction. According to Buettner and Jurkiewicz, [18] ascorbic acid has the highest rate constant with hydroxyl radical ( Table 2) . Ascorbic acid is a donor antioxidant. Ascorbate donates a hydrogen atom to an oxidizing radical to produce the resonance-stabilized tricarbonyl ascorbate free radical. [18] Several studies have shown that ascorbate seems to be the only cellular reducing agent, which can replace the superoxide anion to sustain the production of hydroxyl radical via a Fenton reaction; the presence of ascorbate is necessary to reduce iron and enabling it to participate the Fenton reaction. [29] However, iron reduced by ascorbate can generate superoxide radicals by autoxidation, which was considered a reason for pro-oxidative effects of ascorbate. [30] Marinova et al. [31] reported that the cinnamic derivatives have superior antioxidant effectiveness among phenolic acids, probably because of the stability provided to intermediate free-radical forms by the extended conjugation in the side chain. Most reports indicated that the antioxidant potential of phenolic acids depends on the hydroxylation pattern of the benzene ring and the stabilization of free radicals derived from them due to resonance structures. [32] Some authors suggest that these structural features may be responsible for complex formation and redox inactivation of certain transition metals. [33] Phenolic acids have very high rate constants with hydroxyl radical ( Table 2) . Priyadarsini et al. [19] reported that ellagic acid reacts with hydroxyl radicals at a high rate constant ( Table 2 ) and generates phenoxyl radicals. On the other hand, the rate constant for the quercetin and catechin with hydroxyl radical were reported to be lower ( Table 2 ). Taking into account the above mentioned rate constants for the reactions of phenolic acids and flavonoids with hydroxyl radical, and that the phenolic component of the Fr3 was substantially higher than in Fr2 (Table 3) , the obtained order of hydroxyl radical scavenging activity in this study is conceivable.
Antioxidant activity is mainly attributed to compounds represented by vitamin C and polyphenols. HPLC analyses of rose hip extract fractions confirmed the successful SPE separation of vitamin C in Fr1, flavonoids in Fr2, and phenolic acids in Fr3 (Table 3) . It has been shown by many authors that polyphenols are significantly correlated to antioxidant activity. [34, 35] The objective of this study was to determine the possible connection between antioxidant compounds separated in rose hip extract fractions and their free radical scavenging activities. Correlation analysis between total content of vitamin C in Fr1, total flavonoids in Fr2, and total phenolic acids in Fr3, and their free radical scavenging activities on superoxide anion radicals and hydroxyl radicals is presented in Table 3 .
These results show very good correlation between separated classes of antioxidants in rose hip extract fractions and their free radical scavenging activities towards superoxide anion and hydroxyl radicals, where vitamin C exerted the highest values (R 2 o 2
•− = 0.745 and R 2• OH = 0.998). The efficiency of antioxidants depends strongly on the oxidation conditions and substrate, and thus the two antiradical assays used in this study give various possibilities of the extracts to act as an antioxidant. Compounds present in extracts may form chelating complexes with iron, directly react with and quench radicals in the system by donating hydrogens or electrons, and exhibit synergistic effects. [33] As natural extracts are complex mixtures of phenolic compounds, the antioxidant activity is not a property of a single phenolic compound. Considering this, the introduction of natural antioxidants through functional foods gives an advantage to providing the usual dietary supplements (vitamin C, vitamin E).
Although phytochemicals found in plants may exert numerous effects in vitro, they have to be absorbed from the gut if they are to exert a similar effect in systemic cells and tissues. This absorption will depend on numerous factors, including molecular structure, the amount consumed, the food matrix, degree of bioconversion in the gut and tissues, the nutrient status of the host and genetic factors. In addition to absorbtion, the activity of phytochemicals in vivo will also depend on the extent and manner of their metabolism by liver and kidney, their rate of excretion, and the degree they are sequestred in body tissues. Saturation of metabolic pathways by "pharmacological" doses appear to be required to obtain the free form in the blood. Ingestion of nutritionally relevant amounts results in extensive deglycosylation, glucuronidation, sulphation, and methylation reactions mediated by a range of enzymes in the small intestine, liver, and colon. [36] 
CONCLUSION
The difference between the antioxidant activity ("ranking") among two different free radical species observed in the present study can be due to (I) different amount of antioxidant compounds and (II) different reactivity of antioxidant compounds. In this study, ESR spectrocopy, the only technique available for direct detection and identification of free radicals, was used to study antioxidant activity of rose hip extract fractions on two different free radical species. All tested fractions showed good radical scavenging activity in both radical assays. On the basis of the results in this study it can be concluded that rose hip is a rich source of naturally occuring antioxidants, namely flavonoids, phenolic acids, and vitamin C. Each of these groups of antioxidants exhibits a very stong free radical scavenging activity. These findings are of importance since natural antioxidant mixtures could be suitable for the treatment of diseases which are characterised by an overproduction of free radicals. Furthermore, compounds able to scavange free radicals may be useful as protecting agents against food spoilage in which oxidation plays a fundamental role.
